This study used fluorescence resonance energy transfer (FRET) spectroscopy as an indirect method to investigate the effect of NaOH treatment on the conformation of a triple-helix (133)-␤-D-glucan and then evaluated the effect of conformation on biological activity. Previous studies have suggested that treatment of the triple-helix glucans with NaOH produces single-helix conformers. FRET spectra of the triple-helix glucan, laminarin, doubly labeled with 1-aminopyrene as donor probe and fluorescein-5-isothiocyanate as acceptor probe attached at the reducing end, showed that a partially opened triplehelix conformer was formed on treatment with NaOH. Increasing degrees of strand opening was associated with increasing concentrations of NaOH. Based on these observations we propose that a partially opened triplehelix rather than a single helix, is formed by treating the triple-helix glucans with NaOH. After neutralizing the NaOH, changes in FRET indicated that the partially opened conformer gradually reverts to the triple-helix over 8 days. Laminarian was stabilized at different degrees of partial opening and its biological activity examined using the Limulus amebocyte lysate assay and nitric oxide production by alveolar macrophage. Both Limulus amebocyte lysate activity and nitric oxide production were related to the degree of opening of the triple-helix. Partially open conformers were more biologically active than the intact triple-helix.
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(133)-␤-D-Glucans have been shown to systemically enhance the immune system, resulting in antitumor, antibacterial, and wound healing activities (1) . Differences in these activities are thought to be related to three factors: molecular conformation, the degree of branching, and the molecular weight (M r ) (2) . Studies have shown that high M r (100,000 -200,000 g/mol) glucans with a degree of branching of 0.20 -0.33 are most active (2) , however, data describing the effects of molecular conformation on biological activity are less clear. This is in part due to the lack of adequate methodology to characterize the tertiary structure of glucans.
Most spectroscopic techniques only provide data about the secondary structure of glucans. Methods such as solid state 13 C NMR spectroscopy (3) or multi-angle laser-light scattering (4) have had some success in relating the tertiary structure of glucans to their conformation based biological activity, however, their use is limited by availability, cost, and efficacy for evaluating glucan structure in solution. A direct observation technique, such as x-ray crystallography would assist in understanding glucan structure and its biological relevance; however, it is difficult to crystallize glucans and only a limited number of these studies have been done (5) (6) (7) . Fluorescence resonance energy transfer (FRET) 1 is a phenomenon of non-radioactive energy transfer over relatively long distances that has been used to characterize the spatial relationship of donor-and acceptor-labeled molecules in biological systems (8). If a system contains two fluorophores and the donor has an emission spectrum which overlaps with the absorption spectrum of the acceptor, then the excitation energy of the donor can be transferred to the acceptor over a range of 10ϳ80 Å (9) . The efficiency (E) of this transfer is given by the following equation,
where R is the distance between centers of donor and acceptor chromophores and R 0 is the Förster critical distance at which 50% of the excitation energy is transferred to the acceptor (50% transfer efficiency). R 0 6 is proportional to the overlap integral of the donor emission and the acceptor absorption spectra.
Three conformers of soluble glucans have been reported, including a single-helix, triple-helix, and random coil. Among these, the single-helix and triple-helix have been considered the biologically active forms, however, it is unclear which is the most active form. Studies evaluating the molecular weight dependence of antitumor activity have suggested that the triple-helix form is the most potent conformer of schizophyllan (SPG) (10, 11) . However, other studies, using solid state 13 C NMR spectroscopy, have suggested that for antitumor activity (3, 12, 13) and the production of tumor necrosis factor, nitric oxide, and hydrogen peroxide by macrophage (14, 15) , the single-helix is the potent conformer (15) .
The conversion between triple-helix and single-helix conformers can be mediated by different chemical or physical treatments (16) . Treatment of the triple-helix SPG with NaOH has been used to prepare single helix-rich forms (14, 17) . Aketagawa et al. (18) suggested that treatment of SPG with NaOH causes the triple-helix to form single chains which rap-idly convert to a single helix followed by gradual reversion to the triple-helix (18) . This mechanism implies that immediately after treatment with NaOH the M r should be one-third of the untreated glucan, however, experimental evidence has shown that denatured SPG has the same M r as untreated SPG (13, 19 ). An alternative explanation that is consistent with the observations regarding M r would be that NaOH treatment results in a partially opened of the triple-helix rather than completed strand separation ( Fig. 1 ).
For these studies FRET was used to characterize the change in conformation of NaOH-treated glucan in aqueous solution.
To avoid altering the inter-hydrogen binding of the triple-helix glucan, the FRET system was developed by tagging the donor (AP) and acceptor (FITC) fluorophore groups at the reducing end of the glucan strand. The relative fluorescence intensity of donor emission and acceptor emission were considered as an indicator of the extent of FRET. Additionally two bioassays, Limulus amebocyte lysate (LAL) activation and nitric oxide production by alveolar macrophage, were used to evaluate the different conformations identified by the FRET experiments. The results show that a partially opened triple-helix conformation was formed after treatment with NaOH and the corresponding biological activities correlated with the degree of strand opening.
EXPERIMENTAL PROCEDURES
Reagents and Chemicals-Laminarin was obtained from Sigma, aniline blue from Polysciences, Inc. (Warrington, PA), 1-aminopyrene (AP) and sodium cyanoborohydride from Aldrich (Milwaukee, WI), and fluorescein 5-isothiocyanate (FITC) from Molecular Probes (Eugene, OR). Actigum was a gift from Dr. David L. Williams at East Tennessee State University. Actigum and laminarian are composed of ␤-(133)-D-linked glucopyranose backbone with a degree of side chain branching (␤-(136)) of 0.33 and 0.05, respectively. Actigum has a M r of 3.51 ϫ 10 5 g/mol, a polydispersity of ϳ1.19 and root mean square radius of 36.3 nm and laminarin has a M r of 7.7 ϫ 10 3 g/mol, polydispersity of 1.17, and intrinsic viscosity of 0.07 dl/g. The M r and polydispersity were determined by size exclusion chromatography with in-line argon-ion multiangle laser light scattering photometry and differential viscometry detectors (20) and provided by Dr. David Williams. The glucan-sensitive LAL reagent Pyrotell-T was purchased from Associates of Cape Cod (Woods Hole, MA).
Preparation of Laminarin-AP Derivative-The AP probe, designed to specifically label the reducing end of glucans, was prepared according to a modification of the procedure of Evanglista et al. (21) Specifically, 100 mg of laminarin (0.005 mmol) was mixed with 2.6 mg (0.011 mmol) of AP (in 0.5 ml Me 2 SO), 2 ml of 15% acetic acid, 17.6 mg (0.28 mmol) of sodium cyanoborohydride, and 42 mg (0.31 mmol) of ammonium sulfate (NH 4 ) 2 SO 4 . The 5-ml glass reaction vial was heated in a water bath at 75°C for 1 h, then dialyzed with double distilled water for 2 days. The final solution was divided into equal portions with one portion reserved as the donor-labeled sample and the other for labeling with FITC (laminarin-AP-FITC).
Preparation of Laminarin-FITC Derivative-Since FITC reacts with primary and secondary amines the laminarin-FITC (acceptor only) derivative was prepared by reacting FITC with laminarin-NH 2 . A stock solution of FITC was prepared in dimethylformamide at a concentration of 10 mg/ml and then stored at Ϫ20°C. Laminarin-NH 2 was prepared by the method of Liu et al. (22) . Laminarin (50 mg) was dissolved in water and an excess of 2.0 M (NH 4 ) 2 SO 4 and 0.4 M NaBH 3 CN added and the solution heated at 100°C for 120 min. After heating, the solution was cooled in an ice bath and then dialyzed against double distilled water for 2 days. The laminarin-NH 2 was then derivatized with FITC by the following procedure. One ml of pH 10 boric acid/ potassium hydroxide buffer and an excess of FITC (250 l, 0.006 mmol) were added to the laminarin-NH 2 (0.76 ml) solution at room temperature. The final pH was adjusted to 10 with 0.1 M NaOH, reacted for 1 day, and dialyzed against double distilled water for 2 days to eliminate free FITC.
Preparation of Laminarin-AP-FITC (Donor and Acceptor) Derivatives-Two ml of pH 10 boric acid/potassium hydroxide buffer and an excess of FITC (250 l, 0.006 mmol) were added to laminarin-AP solution (1.85 ml) at room temperature. The final pH was adjusted to 10 by adding 0.1 M NaOH, reacted for 1 day, and dialyzed against distilled water for 2 days. Since the amount of laminarian was the same (50 mg) in the labeled derivatives (donor labeled, acceptor labeled, and doubly labeled), the labeled derivatives were adjusted to the same volume to ensure that all three solutions contain the same concentration of laminarin.
The labeling ratio of the FITC was estimated from UV absorbance by using the molar extinction coefficient for FITC, ⑀ ϭ 73,000 @ 494 nm (23) . The labeling ratio is the proportion of fluorescence probes introduced into the glucan molecule on a molar basis and is used to identify the optimum signal response from FRET. The labeling ratio of FITC in laminarin was estimated to be about 1%. The labeling ratio for AP was calculated to be about 10%, by using the molar extinction coefficient of ⑀ ϭ 2618 @ 370 nm. However, actual value for AP labeling maybe smaller than 10%, because FITC could replace some of the AP during the derivatization process.
Steady-state Fluorescence Measurements and UV Measurement-Steady-state fluorescence measurements were carried out at 20 Ϯ 0.1°C on an ISS PC1 spectrofluorometer. The excitation wavelength was set at 370 nm, and the emission wavelength was scanned from 400 to 600 nm. FRET was determined by monitoring the change in the emission spectrum of both the donor and acceptor probes. UV measurements were carried out on a Beckman DU-40 spectrophotometer.
Sample Preparation for LAL Analysis-Glucan samples were prepared for LAL analysis by mixing 400 l (1 M) NaOH with 400 l of laminarin-AP-FITC (ϳ8 mg/ml). The sample was neutralized with 1 M HCl followed by the addition of 10 ml of pH 7 buffer. The sample was divided into 10 equal aliquots and 6 l of aniline blue (4.221 mg/ml, with stirring for 1 h) added to each aliquot at different times (0 -100 h) to stabilize the conformational change of the triple-helix during renaturation (24) .
The LAL activity of glucan-aniline blue solutions was evaluated using a kinetic turbidimetric procedure (24) based on work by Roslansky and co-workers (25) . 80 l of each glucan preparation and 20 l of pyrotell T (Associates of Cape Cod) were added to each well of a microtiter plate. Plates were incubated at 37°C in a microplate reader (Kinetic-QCL, Whittaker Bioproducts), and the absorbance measured every 30 s at 340 nm for 40 min. The onset time, defined as a change of optical density (⌬OD) of 0.02, was determined for each sample. Differences in onset time were used to evaluate differences in LAL activation.
Sample Preparation for Nitric Oxide Studies-NaOH-treated and untreated laminarin were used to evaluate the in vitro release of nitric oxide by alveolar macrophage. NaOH-treated laminarin was used to evaluate the effect of conformation on nitric oxide release and untreated laminarin served as the triple-helix control. NaOH-treated laminarin was prepared by dissolving 200 mg in 0.25 N NaOH. This preparation was neutralized with 3 N HCl, dialyzed 2 days against distilled water, and diluted with cell culture medium to a final laminarin concentration of 8.5 mg/ml. Aliquots of the preparation were evaluated for nitric oxide production daily for 5 days after dialysis. Untreated laminarin, prepared by solubilizing in phosphate-buffered saline and diluting to a Partially Opened Triple-helix Conformation in 133-␤-Glucan concentration of 12 mg/ml. The final concentration was estimated from a standard LAL curve to be 8.5 mg/ml. This preparation was treated with Affi-prep polymyxin B matrix (Bio-Rad) to remove endotoxin and served as the untreated control. It was unnecessary to remove endotoxin from the NaOH-treated laminarin because our previous work demonstrated that the preparation was free of endotoxin (24) .
For nitric oxide analysis, a rat alveolar macrophage cell line, NR8383 from American Type Culture Collection (ATCC, Manassas, VA), were cultured in RPMI 1640 media (BioWhittaker, Walkersville, MD) containing 15% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin and incubated in 150cm 2 tissue culture flasks at 37°C in a humidified atmosphere of 5% CO 2 . Cultured macrophage were seeded in 96-well tissue culture plates at a density of 5 ϫ 10 4 cells/well and incubated for 1 day at 37°C, 5% CO 2 . The culture medium was then replaced with phenol red-free RPMI 1640 medium containing either NaOH-treated or polymyxin-treated laminarin (8.5 mg/ml) with 0.5% fetal bovine serum and incubated for 1 day at 37°C in 5% CO 2 . After incubation the cell supernatant was collected and evaluated for the production of nitric oxide. Nitric oxide was determined as nitrite (NO 2 Ϫ ) with Griess reagent as described by Green et al. (26) . Briefly, 100 l of cell culture supernatants were mixed with 100 l of Griess reagent (0.5% sulfanilamide, 0.05% naphthylethylenediamine dihydrochloride, 2.5% H 3 PO 4 ) and measured spectrophotometrically at 546 nm. Nitrite concentrations were determined using a standard curve prepared from sodium nitrite with a linear range from 0.8 to 103 M. Three replicates were done at each time point in the experiment.
RESULTS
This study used FRET to investigate changes in tertiary structure of laminarin induced by NaOH and correlated differ-ences in conformation with differences in activation of the LAL assay and nitric oxide production by alveolar macrophage. The UV and fluorescence spectra of singly labeled laminarin-AP (donor) and singly labeled laminarin-FITC (acceptor) derivatives are shown in Fig. 2 . Laminarin-AP has a maximum UV absorbance at 370 nm and a fluorescence emission maximum at 450 nm. Laminarin-FITC has a UV absorbance maximum at 460 nm, which overlaps with AP emission, and a fluorescence emission maximum at 520 nm. On excitation at 370 nm the normal emission peak for this system is at 450 nm, however, if FRET occurs, a second emission peak will occur at 520 nm which corresponds to energy transfer from AP to FITC. The spectral overlap between donor emission and acceptor absorption results in an R 0 value of 23.7 Å, providing a maximum measurable distance of 42.6 Å (a range of 1.8 R 0 ) for FRET in this system. Fig. 3 compares the fluorescence spectrum of laminarin-AP, laminarin-FITC, laminarin labeled with both AP and FITC (laminarin-AP-FITC), and a mixture of laminarin-AP and laminarin-FITC. In this system FRET will result in an increase in peak intensity at 520 nm (or decrease at 450 nm) when the two strands near each other and as a decrease in peak intensity when they are further apart. The resulting fluorescence spectrum provides an indication of the distance between the donor and acceptor probes. There was no difference in the intensity of the AP peak between laminarin-AP and the mixture of laminarin-AP and laminarin-FITC, indicating no energy transfer. However, there was a 3-fold decrease in the intensity of the AP peak of laminarin-AP-FITC indicating that some degree of FRET had occurred and that the AP and FITC probes are within 42.6 Å of each other. This spectrum served as the baseline control for the subsequent experiments with NaOH.
After treatment of the labeled laminarin with different concentrations of NaOH, a 2-fold increase of the AP peak was observed ( Fig. 4) . Previous studies reported that concentrations of NaOH greater than 0.24 M were required to convert triplehelix glucans to random coils (19, 27) , which subsequently would form single helices after removing NaOH (16) . FRET would not occur if there was actual strand separation (random coil conformers) due to the relatively large distance between the donor and the acceptor probes. The AP intensity of laminarin-AP-FITC would be similar to that of laminarin-AP. However, on treatment with NaOH (0.24 M) the peak increased to only two-thirds of the height of laminarin-AP ( Figs. 3 and 4) . The effects of other concentrations of NaOH are also shown in Fig. 4 . The highest concentrations of NaOH gave the most intense donor emission and the lowest acceptor emission. This suggests that increasing concentrations of NaOH cause increasing degrees of strand opening. To rule out the possibility that the FRET resulted from separate glucan molecules, we measured the fluorescence spectra of a mixture of singly labeled laminarin-AP and laminarin-FITC treated with NaOH and observed no significant FRET (Fig. 5 ). Because the intermolecular distance is large, FRET most likely occurs only from donor and acceptor probes of the same glucan molecule. Therefore, the sums of spectrums of laminarin-AP plus laminarin-FITC in a solution represents background spectra without FRET. Fig. 6 shows the fluorescence emission spectrum over time of laminarin-AP-FITC treated with NaOH. At 0 h, the fluorescence intensity was highest at 450 nm and lowest at 520 nm, indicating that the donor and acceptor probes were far apart. As time increased, the 450 nm peak decreased and the 520 nm peak increased indicating that donor and acceptor were approaching each other. Complete conversion took about 8 days, at which time most of the fluorescence emission came from the acceptor (FITC). The time-dependent FRET phenomenon was observed at all concentrations of NaOH evaluated (from 0.0115 to 0.833 M, Figs. 4 and 6 ). Fig. 7 shows the spectrum of equal concentrations of laminarin-AP-FITC, stabilized with aniline blue at different times after treatment with NaOH. The relative difference in peak intensity at 450 and 520 nm indicate that the triple-helix is at different degrees of opening. These preparations remained stable for up to 20 days and were evaluated for differences in biological activity with the LAL assay. Comparison of the data in Figs. 7 and 8 shows that a 5-fold decrease in emission intensity of the donor probe ( Fig. 7) correlated to an increase of approximately 40% in onset time in the LAL assays (Fig. 8) . The highest LAL activity was associated with the conformation having the most strand opening (11.5 h). This is also the con-formation that binds the most aniline blue. Previously, we observed that increased binding of aniline blue decreased the LAL activity of glucans (24) , however, in this study the difference in LAL activity was not attributable to differences in aniline blue binding since the highest LAL activity occurred with the preparation that binds the most aniline blue. Results similar to those with laminarin were observed with actigum-AP-FITC suggesting that the conformational change phenomena should be considered as a more general feature for triplehelix glucans.
To avoid the possible confounding effects of aniline blue on the biological activity of glucan, an experiment was done in which laminarin was treated with NaOH and the production of nitrite oxide evaluated in the rat alveolar macrophage on consecutive days after neutralization. Fig. 9 shows that laminarininduced nitric oxide production was dependent on conformation. The highest levels of nitric oxide production occurred on the first day followed by a gradual decrease through day 5. Nitric oxide production for untreated laminarin was constant over 4 days (data not shown). The gradual decrease in nitric oxide production over time corresponds to a change from a partially opened preparation to a triple-helix-rich preparation thus confirming reports showing that partially exposed single helices are more effective in stimulating the production of nitric oxide in macrophage than the triple-helix conformer (14, 15) . DISCUSSION This study used laminarin, a triple-helix 133-␤-glucan, to study the effects of conformation on biological activity. The assumption that laminarin is a triple-helix is based on highresolution solid-state 13 C NMR and the molecules characteristic x-ray powder diffraction patterns reported by Saito et al. (28 -30) . However, because of laminarian's low M r there is some disagreement regarding its characterization as a triple-helix. To verify the applicability of the FRET technique for other triple-helix 133-␤-glucans we evaluated the effects of NaOH treatment on actigum, a higher M r triple-helix 133-␤-glucan, and observed results similar to those for laminarin.
The use of FRET provides evidence that a partially opened triple-helix is formed after NaOH treatment rather than single helices as suggested by Aketagawa et al. (18) . Our conclusion is based on the following evidence. First, in order for FRET to occur, the donor and acceptor must be in close proximity. If NaOH treatment produces single helices, then FRET should be observed after denaturing and re-annealing a mixture of singly labeled AP and FITC glucans. However, no significant FRET was observed in this system (Fig. 5) , indicating that dissociation and re-association was not occurring after the glucans were denatured. Second, preparations of laminarin-AP-FITC, treated with NaOH at concentrations Ն0.24 M had different emission intensities at 450 nm (Fig. 4 ). If complete dissociation occurs after NaOH treatment, then we would expect no difference in intensity at 450 nm between the NaOH-treated preparations.
We propose that the mechanism of conformational change by NaOH treatment is via a partially opened triple-helix as shown in Fig. 1 . Treatment with NaOH can break H-bonds resulting in a partially opened triple-helix structure. The degree of strand opening depends on the concentration of NaOH used. This structure better explains the observation that the M r of native and NaOH-treated SPG is the same (13, 19) . Identification of a partially opened triple-helix is difficult because most spectroscopic methods cannot distinguish between a closed and a partially opened triple-helix. By using FRET, we can monitor the degree of strand opening caused by different concentrations of NaOH and the reversion to the triple-helix conformation. Although this structure has not been previously proposed as the intermediate for NaOH treatment, electron micrographs in a recent study of SPG have shown partial strand opening with three distinct single strands (31) .
We have identified two possible limitations of FRET as used in this study. First, treatment of triple-helix (133)-␤-D-glucans with NaOH may also cause untwisting at the middle of the helix. Since the reducing end of the molecule is labeled with the donor-acceptor probes this technology cannot detect a conformational change in the middle of the molecule. Second, labeling the reducing end of the molecule alters the native conformation of the close triple-helix by causing some degree of partial opening at the site of the label. However, within the context of these limitations we did observe the dependence strand opening on NaOH concentration and the dynamic change in conformation during renaturation ( Figs. 4 and 6 ).
Aketagawa et al. (13) reported that for glucans with different conformation but the same degree of polymerization, the single helix is 100 to 1000 times more potent than the triple-helix in activation of limulus coagulation factor G. We speculated that LAL activity and nitric oxide production would be dependent on the degree of partial opening of the triple-helix after NaOH treatment. We investigated this by stabilizing conformers at different degrees of strand opening with aniline blue and analyzed their relationship to LAL activation. These studies confirmed, for both a low M r (laminarin) and high M r glucan (actigum), that conformations with a higher degree of partial opening (single helix structure) were more effective in activating the LAL assay. Furthermore, there was a gradient of activity between conformers with a greater degree of opening and the triple-helix forms. These observations were also confirmed in studies evaluating the release of nitric oxide from alveolar macrophage.
In addition to conformation, morphology could also change during the renaturing process. Three different morphologies have been reported for renatured glucans including, circular, linear, and aggregates species (31) (32) (33) (34) (35) (36) . The formation of different morphological species is thought to depend on the characteristics of glucan and the conditions of denaturation. For example, Stokke et al. (31) showed that preparations of high M r (Ͼ 7.5 ϫ 10 5 Da) renatured SPG had a circular morphology while those with a M r of 1.34 ϫ 10 5 Da had a reconstituted linear triple-helix morphology. Stokke suggested that the tend- ency to form macrocyclic structures in competition with intermolecular aggregates is determined by three factors: 1) chain stiffness relative to overall length; 2) parallel or antiparalled alignment of interacting chain segment; and 3) polymer concentration (33) . There is no interconversion between different morphology except at closed to dissociating conditions (33) .
Differences in biological activity based on morphology are likely to be important in understanding the structure activity relationship of glucans. In a recent study, Kitamura et al. (34) observed that circular and linear species of renatured glucans have higher anti-tumor activity compared with the aggregate species but that aggregate species had higher G activity than circular or linear species. However, it is unlikely that FRET can be used to evaluate the effects of morphology on biological activity because the technique, as used in these studies, is limited to a maximum measurable probe distance of 42.6 Å. Since we did not observe FRET in a mixture of two singly labeled laminarin preparations, it is unlikely we would observe FRET in a labeled preparation of aggregate morphology because the distance between probes would be too large.
In summary, we applied a FRET technique to evaluate the effect of NaOH treatment on glucan conformation by adding donor and acceptor fluorophore groups to the reducing end of triple-helix glucans. Using this technique we demonstrated that the NaOH-induced conformational change is between the closed triple-helix and the partially opened triple-helix. These tertiary structural changes in triple-helix glucan occurred in all concentrations of NaOH tested (0.0115 to 0.83 M) and the degree of strand opening was dependent on the strength of the denaturing agent. We also observed a strong correlation between conformation and biological activity as measured by the LAL assay and nitric oxide production. This study clarifies the nature of conformational change in NaOH-treated triple-helix glucan and the techniques developed can be applied to other structure-activity studies.
